Superconducting YiBa 2 Cu 3 O 7 _ 6 films were prepared on the MgO (100) and SrTiO 3 (100) single crystals using metal organic chemical vapor deposition (MOCVD) of /3-diketone metal chelates of Y(thd) 3 , Ba(thd) 2 , and Cu(thd) 2 . The evaporation kinetics of Y(thd) 3 , Ba(thd) 2 , and Cu(thd) 2 and the ratios of deposited to evaporated mole percents of Y, Ba, and Cu cations were studied. The microstructure of Y 1 Ba 2 Cu 3 O 7 -5 films deposited using MOCVD was observed using scanning electron microscopy and transmission electron microscopy to investigate surface morphology change with the film composition and transformation twin structures. The experimental results showed that the volatility of Ba(thd) 2 did not perceptively increase with decreasing evaporation pressure from 10 Torr to 5 Torr, but that of Y(thd) 3 or Cu(thd) 2 increased with the pressure decrease. The ratio of deposited to evaporated mole percents of Ba cation was smaller than those of Y and Cu cations. Therefore, Ba must be evaporated more than the stoichiometric amount for YiBa 2 Cu 3 O 7 _ 6 in order to obtain single phase YiBa 2 Cu 3 O 7 s films. The surface morphology of the YiBa 2 Cu 3 O 7 s films showed perculiar changes with slight composition changes. The transition onset and zero resistance temperatures of typical stoichiometric film deposited on MgO were 93 K and 91 K, respectively. The Y 1 Ba 2 Cu 3 O 7 _ 6 films had about 50 nm grain size, and most grains consisted of transformation twins. The critical current density of a film deposited on SrTiO 3 was 10 5 A/cm 2 at 77 K and zero magnetic field.
I. INTRODUCTION
Since the first report of Berry et ah, 1 a number of groups have fabricated high T c YiBa 2 Cu 3 O 7 s superconducting oxide films using MOCVD (Metal Organic Chemical Vapor Deposition) of /3-diketone metal chelates.
"
7 Although MOCVD has many advantages, such as high deposition rate, high oxygen content in the gas phase, good large area uniformity and pertinence for large-scale processing compared to sputtering, 8 activated reactive evaporation, 9 molecular beam epitaxy, 10 and laser ablation, 11 there are some problems related to the evaporation rate of the Ba source material. Matsuno et al. u reported recently that good quality films could be obtained reproducibly by improving the stability of vaporization of Ba source material using the organic transport method. Therefore, precise control of the evaporation rate of the source materials would be the most important thing, in order to obtain good quality single phase YiBa 2 Cu 3 O 7 s films. However, only a few intensive investigations have concentrated on the evaporation and deposition behavior of /3-diketone metal chelates, the most widely used source materials in MOCVD. In addition, the microstructure including surface morphology, grain size, and twin structure were also rarely studied for YiBa 2 Cu 3 O 7 _s films.
The objectives of this work are to investigate the evaporation and deposition behavior of /3-diketone metal chelate of Y(thd) 3 , Ba(thd) 2 , and Cu(thd) 2 ; to study the effect of compositional variation in the film on the superconducting property; and to observe the surface morphology, grain size, and transformation twin structure of the film. Figure 1 shows a schematic diagram of the experimental apparatus used in this study. The hot wall type CVD reactor consists of a 28 mm diameter quartz tube and a resistance furnace controlled by a PID band temperature controller. The substrate was attached to the front plane of a susceptor, which was made with 316 stainless steel, and a K-type thermocouple was inserted into the susceptor near the substrate. However, because the substrate was located near one end of the heating zone to prevent the depletion of source materials at the reactor wall, the real temperature of the substrate surface may be slightly lower than that indicated by the thermocouple. The source materials were evaporated from quartz boats located in 18 mm diameter quartz evaporation tubes, which were heated with tape heaters. Evaporation temperature was precisely controlled with Table I . The evaporated vapors of source materials were transported into the reactor by Ar carrier gas, and O 2 gas was introduced just before the deposition zone to reduce prereactions with evaporated source materials. The amount of each source material used in one experiment was 0.1 g. The flow rate was controlled by mass flow controllers and was 100 ml/min for Ar and O 2 gases. The vapors of source materials were mixed in the mixing tube and then injected with oxygen gas to the deposition zone through a nozzle, which was inserted in the quartz tube just before the susceptor in order to increase the throwing power of the source gases to the substrate. Thermogravimetric analyses (TGA) and differential thermal analyses (DTA) were carried out in air with a heating rate of 10 c C/min to predict the evaporation and decomposition temperature of the source materials. The depositions were carried out at 900 °C and 5-10 Torr pressure. The deposition conditions are listed in Table I . In situ annealing followed the deposition with a cooling rate of 4 °C/min to 550 °C and then a 30-min holding at 550 °C followed by a furnace cooling to room temperature at 1 atm O 2 atmosphere. The evaporated moles of each source material were calculated from the weight differences of the source boats after and before deposition, measured using a microbalance. The substrates were 10 x 10 x 1 mm cleaved MgO (100) and SrTiO 3 (100) single crystal plates. The compositions of the films were calculated from EDS (Energy Dispersive Spectroscopy) peak intensities of Y L a , BaL a , and CuK« lines and calibrated with ZAF corrections. An x-ray diffractrometer with Cu K a radiation was used to analyze the orientation of the film, and the surface morphology of the film was examined using scanning electron microscopy (SEM). The superconducting transition temperature of the film was measured using a standard DC-four-point in-line method, and contacts were made of silver paste. The critical current density of the film was evaluated using the pulse method. A transmission electron microscopy (TEM) with 200 KV acceleration voltage (JEOL JEM-2000EX) was used to observe the grain size and transformation twin structure of the film. that the evaporation temperature ranges needed for an appropriate evaporate rate of Ba(thd) 2 are much higher than those of Y(thd) 3 and Cu(thd) 2 and that log evaporation rate of Ba(thd) 2 does not increase linearly with temperature above 260 °C. A possible reason for these observations may be inferred from the TGA and DTA curves of the source materials, as shown in Fig. 3 . The residue in the TGA curve of Ba(thd) 2 is about 41 wt. % up to 500 °C, compared to those of Y(thd) 3 and Cu(thd) 2 , which were about 18 wt. %. Similar observations were reported by Yamane et al. 6 and Shinohara et al., 13 who found residues about 30 wt. % at their TGA curves of Ba(thd) 2 and Ba(hfa) 2 , respectively. Schwarberg et al. 14 claimed that this residue is barium oxide formed from the thermal decomposition and oxidation of the Ba source materials. This decomposition and oxidation reaction was detected as exothermic peaks near 250 °C and 380 °C in the DTA curve of Ba(thd) 2 , respectively, as shown in Fig. 3(b) . Therefore, the saturation of the evaporation rate of Ba(thd) 2 at higher temperature can be attributed to the enhanced oxide formation of the thermally decomposed Ba(thd) 2 . Figure 4 shows the relationships between deposited mole percents of each cation constituent in YiBa 2 Cu 3 -O7 a films calculated from EDS peak intensities and evaporated mole percent of Y, Ba, and Cu measured using the losses of the source materials after evaporation and deposition. These relationships show that the ratios of the deposited mole percent to the evaporated mole percent of Cu are higher than those of Y and Ba. Possible reasons for these different deposition yields of source materials are different vapor phase transport, vapor phase reaction, and surface reaction between the evaporated source materials. Figure 5 shows relationships between deposition rates and evaporated Cu moles in the Cu source materials at the three different molar ratios of evaporated Y to Ba. The deposition rate linearly increases with increasing the evaporated mole of Cu, depending on the ratios of evaporated Y to Ba. This observation suggests that the deposited phases in the film are not only YiBa 2 15 On the basis of the deposition condition discussed in the previous section, thin film specimens were fabricated having different compositions. A sintered bulk sample was used as a standard to be compared with the EDS spectra of the films. Table II shows the compositions calculated from EDS spectra of four different specimens and a standard sample. Figure 6 shows the x-ray diffraction patterns of these specimens. Specimen No. 1, which has similar composition to the standard bulk sample, shows only (00/) and relatively small (hOO) peaks. This indicates that the film surface mainly consisted of the basal plane (a-b plane), and that a small fraction of the film surface is perpendicular to the basal plane, due to the high deposition rate and thick film thickness. 16 However, the films having composition deviating from the standard sample show (00/) and (hOO) peaks as well as (103) similar to observations obtained from a bulk sample fabricated using solid state reaction. 17 Similarly, Watanabe et a/. 18 reported recently that the small plate precipitates of CuO may be related to the enhancement of J c values of MOCVD films. Figure 8 shows the surface morphologies of films having different compositions.
II. EXPERIMENTAL PROCEDURE

III. RESULTS AND DISCUSSION
The Cu-rich film has an elongated rod shape surface morphology, and the Ba-rich film appears to be melted at the film surface. The T c (onset) and T c {R = 0) of YiBa 2 Cu 3 O7-6 film deposited on SrTiO 3 substrate were 91 K and 90 K, respectively, as shown in Fig. 9 . The critical current density of this film was 10 5 A/cm 2 at liquid nitrogen boiling temperature (77 K) without applied magnetic field, which is an order of magnitude lower than those of the other fine films prepared using MOCVD in another study. 18 The lower J c value in this study may be due to the incomplete (00/) epitaxy and porous microstructure, as shown in x-ray diffraction ( Fig. 10 ) and in surface morphology (Fig. 11) . The complete (00/) epitaxy and dense microstructure may be obtained in the more thin films grown with slow growth rate, and these films would have higher J c than 10
FIG. 6. X-ray diffraction patterns of the films listed in The grain size of MOCVD film (sample No. 1) was about 50 nm, as shown in a TEM micrograph (Fig. 12) . The bright-field transmission electron microscopy image obtained from a planar section of sample No. 1 clearly shows that transformation twins form in grains. However, the twin size of MOCVD film is much smaller than those of films prepared using sputtering on LaGaO 3 (100) 16 structure observed in the MOCVD film may suggest that the high throwing power of the source gases and the high growth rate (10 A/s) influence the grain formation in MOCVD. Further study is being undertaken to investigate the suggestion.
IV. CONCLUSIONS
The ratios of deposited to evaporated mole percents of Ba were lower than those of Y and Cu. Therefore, a single phase superconducting YiBa 2 Cu3O7_ a (123) film could be obtained with more evaporation of Ba(thd) 2 than the 1:2:3 ratio of Y(thd) 3 , Ba(thd) 2 , and Cu(thd) 2 in MOCVD. The films having different compositions from 123 have different surface morphologies, second phase impurity was formed in the films, and these impurities hindered the epitaxial growth of the superconducting phase. Transformation twins were observed in the grain of MOCVD film, which indicates that the films consist of the orthorhombic 123 phase. The grain size of MOCVD films was about 50 nm, much smaller than those of the films prepared using sputtering and pulse laser deposition. The transition onset and zero resistance temperatures of the stoichiometric films on MgO and SrTiO 3 substrates were over 90 K. The critical current density of the film deposited on a SrTiO 3 (100) single crystal was about 10 5 A/cm 2 at 77 K and zero field. Table II. 
